+ completely in 24 h of aerobic cultivation in a medium containing 1 mg W ml of NH4NO3. However, 70% of the NO3 " originally provided remained. When 100 mM Fe 2+ was added to the medium, both NH4 + and NO3 " were removed simultaneously and completely from the culture within 6 h of incubation. In addition, the amount of MoO4 " in the medium markedly aŠected the bacterial cell growth and utilization of NH4 + and NO3
" . The bacterium could remove 4 mg W ml of NH4NO3 completely in 48 h of aerobic cultivation in a medium containing 100 mM Fe 2+ and 0.8 pM . The total nitrogen in the culture containing its cells was decreased to 14z of that in the NH4NO3 originally provided. GC-MS analysis demonstrated that N2 was generated from the nitrogen atoms of both NH 4 + and NO 3 " .
Key words: ammonium nitrate; iron ion; molybdate ion; heterotrophic nitriˆcation; aerobic denitriˆcation
As countermeasures against eutrophication in lakes, wetlands, and enclosed areas of the sea, the removal of nitrogen compounds from industrial and domestic wastewaters has become an urgent subject. In the process of the industrial manufacture of rare earth oxides such as Y2O3 and Eu2O3, NH4NO3 is produced as a by-product. Our aim of this study is to develop a microbial method for the eŠective removal of NH4NO3 in the eOEuent.
In the microbial removal of NH4 + and NO3 " , two processes have been thought to participate: oxidation of NH4 + to NO3 " by nitrifying autotrophic bacteria under aerobic conditions and denitriˆcation of NO3 " by denitrifying bacteria under anaerobic conditions. However, recent research has revealed that many kinds of prokaryotic and eukaryotic heterotrophs are able to nitrify NH4 + into NO2 " or NO3 " . 1) In addition, some organisms were found to denitrify aerobically. 2) These microorganisms are of interest for wastewater treatment, because they are available for single-stage nitrogen removal. The problem in applying these organisms to practical removal of the inorganic nitrogen compounds NH4 + and NO3 " is that they would grow and operate only in a medium containing these compounds at low concentrations. 3"5) We attempted to isolate heterotrophic microorganisms that assimilated both NH4 + and NO3 " as nitrogen sources in a medium containing NH4NO3. These organisms are expected to incorporate the two nitrogen compounds into their cells, as a result, NH4NO3 in the culture is removed. In addition, heterotrophs in general can grow on NH4 + and NO3 " at high concentrations and utilize them more rapidly than autotrophs.
In preliminary screening experiments, when NH4NO3 was used as a nitrogen source, many isolates utilized NH4 + , but not NO3 " , under aerobic conditions. Thus we employed anaerobic cultivation to isolate microorganisms capable of utilizing the two nitrogen sources. One strain, F-5-2, isolated by anaerobic cultivation, showed a great ability to utilize the two nitrogen sources simultaneously in aerobic cultivation with adjusted concentrations of Fe 2+ and MoO 4 " . In this report, we deal with the isolation, identiˆcation, and culture conditions of strain F-5-2.
Materials and Methods

Chemicals.
15 NH4NO3 (98.0 atom z) was purchased from Sigma-Aldrich, St. Louise, USA.
15 N2 (99.6 atom z) was purchased from Shoko Co., Tokyo, Japan. Other chemicals used in this study were of more than reagent grade.
Culture media. The basal medium for screening contained Na2HPO4 ・12H 2 O, 15 g; KH2PO4, 3 g; glucose, 30 g; NH4NO3, 1 g; NaCl, 0.5 g; MgSO4 ・7H 2 O, 0.2 g; Na2MoO4 ・2H 2 O, 2 mg; and deionized water, 1 liter. The resulting pH of the medium was 7.1.
Isolation of microorganisms and strains used. Soil from riceˆelds, farms, and forests in Hyogo, Osaka, Nara, and Yamaguchi Prefectures, Japan, was used for isolation tests. One gram of soil was suspended in 8 mg W ml of NaCl solution in a tube and stirred vigorously for 1 min. After the tube was allowed to sediment for 5 min, 1 ml of the supernatant was transferred to the basal medium. Incubation was done under anaerobic conditions in a tube (18× 180 mm) capped with a butyl rubber stopper. At appropriate intervals, 1 ml of sample was withdrawn and the amounts of remaining NH4 + and NO3 " were estimated. From the culture, which showed a complete loss of the two nitrogen compounds, one drop was taken out and spread on a plate containing the basal medium supplemented with 15 mg W ml of agar (agar basal medium). The plate was placed at 309 C in a TE-HER Campylo Incubator (Hirasawa, Tokyo, Japan), and the air was replaced by CO2 and H2. Grown organisms were transferred to the agar basal medium in a tube capped with a butyl rubber stopper.
Strain F-5-2, isolated and identiˆed as K. pneumoniae, was used throughout this study. Enterobacter cloacae IFO 13535 was used for the estimation of NO3 " , which was reduced to NO2 " by its resting cells.
DNA manipulations and sequencing. Total DNA of strain F-5-2 was prepared as reported previously. 6) The 16S rRNA gene of strain F-5-2, corresponding to a region between positions 8 and 1542 in the gene of Escherichia coli, was ampliˆed by the method reported by Edwards et al. 7) and sequenced with a Shimadzu DSQ-2000L DNA sequencer (Kyoto, Japan) after sequencing reactions with a Thermo Sequenase Primer Cycle sequencing kit with 7-deazadGTP (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Estimation of NH 4
+ , NO 3 " , and NO 2 " . NH 4 + in culture ‰uid was measured by a modiˆcation of the indophenol method, 8) using NH4 + -Coloration Reagents-A and B (Hiranuma-sangyo, Mito, Japan). NO2 " was measured by a diazo-coupling reaction, using 3 mg W ml of sulfanilamide in 30 mg W ml of a HCl solution and 70 mg W ml of N-1-naphthylethylenediamine・2HCl. NO3
" was reduced to NO2 " by the resting cells of Enterobacter cloacae IFO 13535 and the NO2 " produced was measured as mentioned above.
9)
Anaerobic cultivation. Incubation was done at 309 C in 10 ml of basal medium containing 1 mg W ml of NH4NO3 in a tube (18×180 mm) capped with a butyl rubber stopper without shaking.
Aerobic cultivation. Incubation was done at 309 C in 7 ml of basal medium containing various amounts of NH 4 NO 3 in a tube (18×180 mm) capped with a cotton stopper, using a reciprocating shaker at 140 rpm. Incubation was also done with a reciprocating shaker at 140 rpm, using a 500-ml shaking ‰ask capped with a cotton stopper and containing 50 ml of the basal medium.
EŠects of metal ions on the cell growth of strain F-5-2 and utilization of NH 4 + and NO 3 "
. Strain F-5-2 was incubated at 309 C with shaking (aerobic culture) in 7 ml of basal medium, in which the amounts of Fe 2+ , MoO4
2" , NH4NO3, and glucose were changed. At appropriate intervals, 1 ml of culture was withdrawn. The turbidity of the culture was monitored at 660 nm and then the culture was centrifuged at 12,000×g for 10 min. The supernatant was used for the analyses of NH4 + , NO3
" , and NO2 " .
Analysis of total nitrogen. Strain F-5-2 was incubated at 309 C for 12 h with shaking in 7 ml of basal medium containing 4 mg W ml of NH 4 NO 3 , 100 mg W ml of glucose, 100 mM Fe 2+ , and 0.8 pM MoO4
2"
, and then the culture was transferred to 40 ml of the same medium in a 500-ml ‰ask. The bacterium was incubated at 309 C on a reciprocating shaker. At 24 h intervals, each culture was harvested and the cell growth was measured. The sample was then centrifuged at 18,000×g for 10 min. The precipitated cells were used for the estimation of total nitrogen, and NH4 + , NO3 " , NO2 " , and total nitrogen in the supernatant were measured.
Total nitrogen was estimated by measuring the NH4 + released by thermal decomposition with concentrated H2SO4. NH4 + was measured by a modiˆca-tion 10) of the Conway method. , and 0.8 nM MoO4
2" using a 200-ml ‰ask capped with a butyl rubber stopper, equipped with a stirrer, and at the aeration of 7 liters W min. At 3 h intervals, the culture was withdrawn with a syringe, and cell growth, NH4 + , NO3
" , and NO2 " were measured as above. Because the volume of the culture was decreased by aeration, the values obtained here were calibrated on the basis of control experiments. When the N2 gas generated was collected into a 10-ml vial on the water, aeration was stopped temporarily. The collected gas was analyzed for 15 N2 and 15 N 14 N, which were measured with a Hitachi M-2500 mass spectrometer at an ionization potential of 70 eV, coupled with a Hitachi G-3000 gas chromatograph, using authentic 15 N2 as a standard. A PoraPLOT-Q fused silica capillary column (0.25 mm×25 m, GL Science, Tokyo) was used.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper was deposited in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the accession number AB072699.
Results
Isolation and identiˆcation of strain F-5-2 Weˆrst selected 8 liquid cultures, from 214 soil samples, which showed complete loss of NH4 + and NO 3 " under anaerobic conditions. From the cultures, 15 strains growing anaerobically were isolated on the basal agar medium on plates. When these isolates were cultured anaerobically again in the basal medium (liquid), all the strains removed NO3 " completely, but there were no strains that removed NH 4 + completely (Table 1) . Of the 15 organisms examined, strain F-5-2 grew best and removed 15z of the NH4 + originally provided. Other organisms removed less than 10z of the NH4 + . When 15 strains were incubated under aerobic conditions, 6, including strain F-5-2, removed NH4 + completely from the culture after incubation for 24 h (Table 1). However, most NO3 " remained for all the strains tested. Strain F-5-2 could remove 30z of the NO 3 " originally provided. Therefore, strain F-5-2 was selected and used for the subsequent experiments.
Strain F-5-2 was a rod of 0.3-0.8×0.7-1.3 mm and non-motile. It was facultatively anaerobic, gramnegative, catalase-and urease-positive, and oxidasenegative. The Voges-Proskauer reaction was positive and methyl red test negative. Indole was produced. The organism did not grow at 109 C, nor did it produce gas from lactose at 44.59 C. The nucleotide sequence of a 16S rRNA gene of strain F-5-2 was 99.4z identical with Klebsiella pneumoniae DSM 30103 T .
11) On the basis of these results, we identiˆed strain F-5-2 as Klebsiella pneumoniae.
12)
EŠects of Fe 2+ on the cell growth of K. pneumoniae F-5-2 and utilization of NH 4 NO 3 When 100 mM Fe 2+ was added to the basal medium containing 1 mg W ml of NH4NO3 and 8 mM MoO4
2" , the cell growth of K. pneumoniae F-5-2 was markedly promoted in its aerobic cultivation and the strain removed both NH4 + and NO3 " completely after incubation for 6 h ( Fig. 1(B) ). On the other hand, in the absence of Fe 2+ the bacterium removed 60z of NH4 + and only 10z of NO3 " originally provided on 6 h of incubation ( Fig. 1(A) ). In addition, K. pneumoniae F-5-2 did not accumulate NO2 " in the presence of Fe 2+ during the incubation for 24 h, while it did a small amount of NO2 " between 6 and 9 h of incubation without Fe 2+ . 
EŠects of MoO4
2" on the cell growth of K. pneumoniae F-5-2 and utilization of NH4NO3 When K. pneumoniae F-5-2 was incubated with 2 mg W ml of NH 4 NO 3 in the presence of 30-300 mM of Fe 2+ , its cell growth was repressed and half of the NH4 + and NO3 " originally provided remained (Fig. 2(A) ). NO2 " accumulated in the culture during the incubation. We reviewed the amount of MoO4 2" in the basal medium and found that MoO 4 2" at low concentrations promoted the cell growth of the bacterium with the complete removal of NH4 + and NO3 " (Fig. 2(B) ). No NO2 " was observed in this case. At concentrations below 8 nM of MoO4 2" , K. pneumoniae F-5-2 could remove the two nitrogen compounds completely. However, in the culture without MoO4 2" the bacterium did not remove them completely.
We further examined the eŠect of MoO4 2" on the cell growth of K. pneumoniae F-5-2 and its utilization of NH4NO3 at increased concentrations. In addition, the concentration of glucose as a carbon source was tested, because at increased concentrations of NH4NO3, glucose in the culture did not remain, indicating that the C W N ratio in the medium is important for removing NH4NO3 fully. The bacterium removed 4 mg W ml of NH4NO3 completely from the culture in 48 h of aerobic cultivation in the basal medium containing 100 mg W ml of glucose and 0.8 pM MoO 4 2" (Fig. 3(A) ).
Analysis of total nitrogen in cultural supernatant and cells Figure 3 (B) shows that as K. pneumoniae F-5-2 grew, total nitrogen in the culture decreased with the increase of that in cells of the bacterium. On 48 h of aerobic incubation, NH4 + and NO3 " were removed completely and no NO2 " accumulated in the culture. Nevertheless, only 4z of total nitrogen originally provided was observed in the cultural supernatant and 10z of that was in cells of the strain.
Cell Growth of K. pneumoniae F-5-2 on NH4Cl and NaNO3 media K. pneumoniae F-5-2 also utilized NH4 + aerobically as a sole nitrogen source in the basal medium containing NH4Cl instead of NH4NO3. Figure 4 shows that during the assimilatory process of NH4 + , a small amount of NO2 " and NO3 " accumulated and then disappeared. The bacterium could remove 9 mg W ml of NH4Cl at its maximum after incubation for 96 h in the medium described above, containing 0.8 nM MoO4
2" and NH4Cl instead of NH4NO3. When NaNO3 was used as a sole nitrogen source, K. pneumoniae F-5-2 grew well on aerobic cultivation as well and could remove 11 mg W ml of NaNO3 at its maximum after incubation for 96 h in the medium described above, containing NaNO 3 instead of NH4NO3. Figure 5 shows the proˆle of the cell growth of K. pneumoniae F-5-2 and its NH 4 15 N 14 N were generated. The production of them reached maximum on 6 h of incubation and decreased gradually. A small amount of NO 2 " was observed at 9 h of incubation, probably due to the insu‹cient supply of O2 in the incubation mixture. The generation of N2O was not detected during the cultivation.
Generation of N2 from NH4NO3
Discussion
In this study, we isolated the excellent strain K. pneumoniae F-5-2, which removed 4 mg W ml of NH 4 NO 3 completely from the culture after aerobic incubation for 48 h. Iron and molybdate ions at the low concentrations markedly aŠected the utilization of NH4 + and NO3 " by the strain and its growth. The optimal concentrations of the two metal ions for the complete removal of NH 4 + and NO 3 " were established. The bacterium will be useful for removing NH4NO3 in wastewater produced in the manufacture of rare earth oxides.
Because iron participates in the enzymatic reactions catalyzing the assimilatory process of NO3 " into NH4 + , 13, 14) it is reasonable that Fe 2+ is required for the complete removal of NO3 " (Fig. 1(B) ). On the other hand, molybdenum participates in the conversion of NO3 " into NO2 " , but not of NO2 " into NH4 + . 15) Therefore, in the culture containing more than 2 mg W ml of NH4NO3, 8 mM MoO4 2" probably repressed the conversion of NO2 " into NH4 + and resulted in the accumulation of NO2 " , which may then inhibit the cell growth of K. pneumoniae F-5-2 and its NH 4 + utilization (Fig. 2(A) ). When the concentration of MoO4 2" in the culture was decreased to 8 nM, the bacterium removed 2 mg W ml of NH4NO3 completely without the accumulation of NO2 " andˆnally could remove 4 mg W ml of NH 4 NO 3 by adjusting MoO 4 2" to 0.8 pM (Fig. 3(A) ). These results revealed that the concentration of MoO4 2" was a critical factor for removing NH4NO3.
In K. pneumoniae F-5-2, molybdenum may participate in other metabolisms than for the reducing step of NO3 " to NO2 " , for example, metabolic pathways of NH4 + , because when NH4Cl was used as a sole nitrogen source instead of NH4NO3 or NaNO3, the bacterium required MoO4 2" for the utilization of NH 4 + . The role of this metal, which provided conspicuous eŠects for the metabolism of NH4 + and NO3 " by its slight amounts, should be further studied. When K. pneumoniae F-5-2 removed both NH4 + and NO3 " completely after incubation for 48 h, only 14z of total nitrogen originally provided was observed in the cultural supernatant and its cells (Fig. 3) . GC-MS analysis revealed that N2 was generated during the incubation with 15 
NH4
14 NO3 (Fig. 5) " was excluded. Because in these experiments the incubation of K. pneumoniae F-5-2 with NH 4 NO 3 required a successive aeration, it was di‹cult to collect the exact amount of N2 generated from the nitrogen source. However, the value calculated here proved that K. pneumoniae F-5-2 actually took part in heterotrophic nitriˆcation and aerobic denitriˆcation during the metabolism of NH 4 NO 3 . Studies on enzyme systems concerning the nitriˆca-tion and denitriˆcation processes are in progress.
In wastewaters derived from industrial factories such as chemical and metal manufactures, NH4 + or NO 3 " was contained at higher concentrations than that in natural environment. For the eŠective treatment of these wastewaters, microorganisms are needed that tolerate high concentrations of NH4 + and NO3 " and can remove these inorganic nitrogen compounds. 16 ) K. pneumoniae F-5-2 could grow in the media containing not only 4 mg W ml of NH4NO3, but 9 mg W ml of NH4Cl or 11 mg W ml of NaNO3 as a nitrogen source and remove NH4 + and NO3 " within 4 d of aerobic cultivation. Our experimental data show that the bacterium will be also available for treating wastewaters containing NH4 + or NO3 " alone at high concentrations.
